The translocation of nucleic acid motor proteins along DNA or RNA can be studied in ensemble experiments by monitoring either the kinetics of the arrival of the protein at a specific site on the nucleic acid filament (generally one end of the filament) or the kinetics of ATP hydrolysis by the motor protein during translocation. The pre-steady state kinetic data collected in ensemble experiments can be analyzed by simultaneous global non-linear least squares (NLLS) analysis using a simple sequential ''n-step'' mechanism to obtain estimates of the rate-limiting step(s) in the translocation cycle, the average ''kinetic step-size,'' and the efficiency of coupling ATP binding and hydrolysis to translocation.
Introduction
The ability to translocate processively and with biased directionality along a nucleic acid filament is central to the biological function of several enzymes including polymerases (1), helicases (2-4), chromatin remodelers (5, 6) , some nucleases (7, 8) , and some restriction enzymes (9) (10) (11) . These ''molecular motors'' all use the chemical potential energy obtained through the binding and hydrolysis of nucleoside triphosphates (NTP or dNTP) to perform the mechanical work of directional translocation along the filament. An understanding of the translocation mechanisms of these motor proteins requires quantitative kinetic information to obtain the rate constants, processivities, kinetic step-sizes, and ATP coupling stoichiometries associated with translocation.
Here, we describe the use and analysis of pre-steady state ensemble kinetic approaches (3, 6, (10) (11) (12) (13) (14) (15) (16) (17) to probe the translocation mechanisms of processive translocases along nucleic acids using a simple sequential ''n-step'' kinetic model. The application of this methodology provides an accurate determination of macroscopic kinetic parameters such as the rate of net forward motion of the translocase along the nucleic acid and the net efficiency at which the hydrolysis of ATP is coupled to this net forward motion. However, the estimates of microscopic kinetic parameters, such as the kinetic step-size of translocation, can be inflated under some circumstances if non-uniform motion occurs during translocation.
Materials

Matching Experimental Conditions to Model Assumptions
The kinetic model and associated equations used here assume that no more than one translocase is bound to each nucleic acid. Thus, the application of these equations to the analysis of kinetic data requires that the experiments are performed under conditions that favor this binding distribution; this is generally achieved by performing the experiments under conditions where the concentration of the nucleic acid is in excess of the concentration of the translocase. This model also assumes that any translocase that is initially free in solution at the start of the reaction or that dissociates from the nucleic acid during translocation is prevented from rebinding to the nucleic acid. This is accomplished experimentally by including a protein trap. When selecting such a trap it is best to use one that does not stimulate the ATPase activity of the translocase (18) . This will allow for more straightforward and simple analysis of the ATPase activity of the translocase that is associated with translocation.
Methods
Mathematical Model for Translocation
The sequential ''n-step'' kinetic mechanism shown in Scheme 4.1 has been used to model helicase translocation and its coupling to ATP hydrolysis (13, 18) . In this mechanism (13), depicted in Fig. 4 .1, a translocase with an occluded site size of b nucleotides and a contact size of d nucleotides binds with polarity to a nucleic acid filament, L nucleotides long. The contact size, d, represents the number of consecutive nucleotides required to satisfy all contacts with the translocase and is thus less than or equal to the occluded site size. In this discussion we will assume that translocation along the nucleic acid is directionally biased from 3 0 to 5 0 , but the results are equally applicable to a translocase that exhibits the opposite directional bias. The translocase is initially bound i translocation steps away from the 5 0 end, with concentration I i . The number of translocation steps, i, is constrained (1<i<n), where n is the maximum number of translocation steps needed for a translocase bound initially at the 3 0 end to move to the 5 0 end of the nucleic acid. In the discussion here, we considered two initial binding states for the translocase: one in which all proteins initiate translocation from the same site on the nucleic acid (in this case at the 3 0 end of the nucleic acid, which is n steps away from the 5 0 end) and one in which the proteins initiate translocation from random binding sites on the nucleic acid.
Upon addition of ATP the translocase moves with directional bias along the nucleic acid via a series of repeated rate-limiting translocation steps, each associated with the same rate constant k t . The rate constant for protein dissociation during translocation is k d . The processivity of translocation along the nucleic acid is thus defined as P ¼ ðk t =ðk d þ k t ÞÞ. Between two successive rate-limiting translocation steps the enzyme moves m nucleotides, while hydrolyzing c ATP molecules. Therefore, c/m is defined as the macroscopic ATP coupling stoichiometry and corresponds to the average number of ATP molecules hydrolyzed per nucleotide translocated along the nucleic acid. Similarly the product mk t is the macroscopic translocation rate in units of nt/s. When the translocase reaches the 5 0 end of the nucleic acid it continues to hydrolyze ATP with rate constant k a and dissociates from the nucleic acid with rate constant k end . This hydrolysis of ATP at the end of the nucleic acid is not coupled to the physical movement of the enzyme along the nucleic acid and thus is referred to as futile hydrolysis (18, 19) .
We note that, in general, k t represents the rate constant for the rate-limiting step that occurs within each repeated translocation cycle and does not necessarily correspond to the rate constant for physical movement of the translocase along the nucleic acid (13) . Similarly, the average number of nucleotides translocated between two successive rate-limiting steps, defined as the translocation ''kinetic step-size'' (m), can be larger than the length of nucleic acid traversed during hydrolysis of a single ATP.
Based on Scheme 4.1, the expressions in equations [1] and [4] can be derived (13, 16) for the time-dependent accumulation of protein at the 5 0 end of the nucleic acid. In these equations, L -1 is the inverse Laplace transform operator, s is the Laplace variable (16) and the parameters k t , k d , k end , c, k a , and n are as defined above and r is the initial (at time t ¼ 0) ratio of the probability of the translocase binding to any one binding position on the nucleic acid other than the 5 0 end to the probability of the translocase binding to the 5 0 end (13, 14) . For the case where all the proteins are initially bound at the same position (in this case taken to be the 3 0 end of the nucleic acid), the equation for the time-dependent accumulation of protein at the 5 0 end of the nucleic acid is given by equation [1] .
For the case where all the proteins are initially bound at random positions along the nucleic acid, the equation for the timedependent accumulation of protein at the 5 0 end of the nucleic acid is given by equation [2] .
The scalar A in equations [1] and [2] allows for conversion of the concentration of protein bound at the 5 0 end of the nucleic acid into a signal that can be measured experimentally (e.g., a spectroscopic change) (13, 14, 18) .
Similarly, equations [3] and [4] are expressions for the timedependent production of ADP or P i , due to ATP hydrolysis by the translocases (13) . In equations [3] and [4] , I(0) is the concentration of translocase initially bound to the nucleic acid (at time t ¼ 0). Equation [3] describes the ATP production occurring when all proteins are initially bound at the same position (e.g., the 3 0 end of the nucleic acid) and equation [4] describes the ATP production occurring when all the proteins are initially bound at random positions along the nucleic acid.
The maximum number of translocation steps, n, for a nucleic acid of a length, L, is related to the translocation kinetic step-size, m, and the translocase contact size by equation [5] . 
Equation [5] can be re-expressed as equation [6] , which allows for the determination of m from the experimentally determined dependence of L on n. The first experimental method we consider is a stopped-flow fluorescence approach first introduced by Dillingham et al. (20) and subsequently modified by Fischer et al. (6) and is depicted in Fig. 4 .2A.
The method utilizes a series of oligodeoxthymidylates of varying lengths (L (dT) L ) that have a fluorophore attached covalently to either the 3 0 or 5 0 end of the nucleic acid. The fluorophore is chosen such that a fluorescence intensity change occurs when the translocase is bound at that end possessing the fluorophore. In this way, one can monitor the change in concentration of translocases bound at the end of the nucleic acid resulting from arrival of translocases due to translocation from other sites on the nucleic acid and dissociation of translocases from the end. Quantitative analysis of a series of these time courses performed as a function of L using equation [1] or [2] allows one to estimate the microscopic kinetic parameters associated with translocation of the enzyme along the nucleic acid. A subsequent estimate of the kinetic step size, m, is then obtained from the analysis of the dependence of n on L through equation [6] . We have found that Cy3 and fluorescein have generally yielded good signal changes for the translocases that we have studied (14, 18, 21, 22) .
The directionality of translocation can be determined by comparing the time courses observed when the fluorophore is attached to the 3 0 versus the 5 0 end of the nucleic acid (13, 14, 20) . Specifically, characteristic changes in the fluorescence time course as a function of increasing nucleic acid length (e.g., an increase in both the time required to reach peak fluorescence and the breadth of the fluorescence peak as shown in Fig. 4 .2A) will occur if the translocation direction is biased toward the fluorophore, but not when it is biased away from the fluorophore.
Monitoring the Kinetics of ATP Hydrolysis by the Translocase During Translocation
Enzyme translocation along nucleic acids can also be monitored by measuring the amount of ATP hydrolyzed by the enzyme during translocation. This approach requires transient pre-steady state kinetic experiments rather than steady-state ATPase experiments since steady state rates of ATP hydrolysis will generally be limited by other kinetic processes that are slower than protein translocation (e.g., dissociation and/or rebinding of protein to another nucleic acid molecule). The pre-steady state rate and extent of ATP hydrolysis by the translocating protein can be monitored, for example, by directly measuring the conversion of ATP to ADP using a radioactive assay (23, 24) or by monitoring the release of inorganic phosphate using a fluorescently labeled phosphate-binding protein (18, 19) as depicted in Fig. 4.2B .
Analysis of a series of time courses of ATP hydrolysis during translocation performed as a function of DNA length, L, can be analyzed using equation [3] or [4] to determine estimates of the microscopic parameters c and k a and, thus, the macroscopic ATP coupling stoichiometry c/m. In this analysis, the values of the microscopic parameters obtained from the analysis of translocation time courses using Method 3.2 (k t , k d , k end , m, and r) are used as fixed constraints in the application of equations [3] or [4] (18).
Notes
Significant correlation exists between the parameters in
equations [1] , [2] , [3] , and [4] . For this reason, it is best to independently determine as many parameters as possible so that they can be constrained in the NLLS analysis using these equations. For example, the rate of dissociation during translocation (k d in Scheme 4.1) can be determined independently by monitoring the dissociation of enzyme during translocation along an infinitely long nucleic acid (13, 14, 18) 2. It is worth noting that the presence of the fluorophore might affect the rate of translocation and/or the rate of dissociation near the fluorophore (14, 18) . It is also possible that variations in the electrostatics of the nucleic acid molecule near its ends may contribute to differences in k t and k d at binding positions near the ends. Thus, for an enzyme that translocates in a 3 0 to 5 0 direction, the values for k t and k d obtained from fitting experimental time courses obtained with nucleic acid labeled with a fluorophore at the 3 0 end may not equal the values of k t and k d that apply in the absence of the fluorophore or to interior regions of the nucleic acid. Similarly, the value of k end obtained from fitting experimental time courses obtained with nucleic acid labeled with a fluorophore at the 5 0 end may not equal the value of k end that applies in the absence of the fluorophore (13, 18) . 3. The model (Scheme 4.1) used to obtain equations [1] , [2] , [3] , and [4] assumes translocation occurs via a uniform repetition of irreversible rate-limiting steps, and ignores any nonuniformity in the translocation process. To further evaluate the efficacy of this methodology when such non-uniformity exists, we used a Monte Carlo computer simulation to generate translocation time courses for models that contained non-uniform motion as well as heterogeneity in the rates. We considered backward motion, random pausing, simple heterogeneity in the microscopic translocation rate constant (k t ) or step-size (m) for each individual kinetic step, persistent heterogeneity (25) in the microscopic translocation rate constant (k t ) or the kinetic step size (m), and repetitive shuttling of the translocase on the nucleic acid (26, 27) . We note that the existence of persistent heterogeneity for the entire translocation process, commonly referred to as ''static disorder'' (28), could result only if each enzyme were chemically or conformationally different over the time period of the experiment. Yet, there are clear examples of such static disorder in processive nucleic acid enzymes, such as RNA polymerase (29) and some helicases (25, 30, 31) . These simulated time courses were then analyzed using the simple uniform sequential n-step mechanism (equations [1] , [2] , [3] , [4] , [5] and [6] ) to obtain estimates of k t c, and m that were then compared to the input values of these kinetic parameters. Our analysis of these simulated data sets demonstrated that the values of the macroscopic translocation rate (mk t ) and the coupling stoichiometry (c/m) obtained using these equations reliably reflect the actual input values used for the simulations regardless of the presence of any non-uniform motion of the translocase. The macroscopic translocation rate is well constrained in the NLLS analysis since it is determined from the dependence on nucleic acid length of the mean arrival time of proteins at the end of the nucleic acid. Similarly, the resulting estimate of c/m provides an accurate estimate of the total ATP consumption associated with the net forward motion of the translocase along the nucleic acid. Intuitively when backward motion or random pausing is introduced, the coupling stoichiometry will increase since some ATP hydrolysis results in backward motion or pausing rather than in forward motion. The individual estimates of m and k t are largely constrained by both the standard deviation of the distribution of arrival times of proteins at the end of the nucleic acid and the dependence of this distribution on nucleic acid length. Importantly, the inclusion of simple heterogeneity in k t or m did not affect the estimates of mk t , c/m, m, r, or k a obtained from the analysis of the simulated time courses using equations [1] , [2] , [3] , [4] , [5] , and [6] . This result is significant since we believe that this simulation of simple heterogeneity is a reasonable model of the stochastic fluctuations in k t and m that are expected for a chemically and structurally homogenous population of translocases. However, any perturbation that increases the standard deviation of the distribution of arrival times at any particular point along the nucleic acid will also increase the estimate of m obtained from the fit. Clearly, introducing backward motion, static disorder, repetitive shuttling, or random pausing will spread out the distribution of arrival times at the 5 0 end of the nucleic acid and will furthermore increase the dependence of the standard deviation on the length of the nucleic acid. As such, the introduction of any of these perturbations will, in fact, result in an overestimate of m. The exact amount of the overestimate will naturally depend upon the type of perturbation and its magnitude, but also on the magnitudes of the other rate constants associated with translocation since all of these variables are highly correlated in the sequential ''n-step'' model. 4 . Use of the uniform sequential ''n-step'' model to analyze time courses obtained from experiments in which the translocase initiates at random positions along the nucleic acid requires inclusion of the r parameter in equations [2] and [4] . If the translocase has equal affinity for all potential binding sites on the nucleic acid then r must have a value between 1 and m, depending upon the specific details of the translocation mechanism near the end of the nucleic acid (see (13) for more details). Thus, estimated values of r for which r > m may indicate a failure of the simple model to correctly describe the translocation process, regardless of the quality of the fits. In other words, r can serve as an indicator of potential nonuniformity in the translocation mechanism. It is worth noting that increases in the estimate of r were associated with each of the perturbations we considered with the exception of simple heterogeneity in k t or m. Furthermore, these increases in the estimate of r were especially large when static disorder or repetitive shuttling was incorporated into the simulations. Hence, a value of r>m can be an indicator of non-uniformity or static disorder in the translocation kinetics.
5.
The results of analysis of computer simulated data using equations [1] , [2] , [3] , and [4] also indicate that the presence of non-uniform motion can also increase the estimate of the rate of futile ATP hydrolysis at the end of the nucleic acid (k a in Scheme 4.1). Hence the observation of futile hydrolysis at the end of the nucleic acid is also an indication that nonuniform motion may be occurring. In such a case, one should perform additional experiments or additional computer simulations to independently determine whether futile hydrolysis at the end of the nucleic acid actually occurs.
